In many eukaryotic species, gene order is not random. In humans, flies, and yeast, there is clustering of coexpressed genes that cannot be explained as a trivial consequence of tandem duplication. In the worm genome this is taken a step further with many genes being organized into operons. Here we analyze the relationship between gene location and expression in Caenorhabditis elegans and find evidence for at least three different processes resulting in local expression similarity. Not surprisingly, the strongest effect comes from genes organized in operons. However, coexpression within operons is not perfect, and is influenced by some distance-dependent regulation. Beyond operons, there is a relationship between physical distance, expression similarity, and sequence similarity, acting over several megabases. This is consistent with a model of tandem duplicate genes diverging over time in sequence and expression pattern, while moving apart owing to chromosomal rearrangements. However, at a very local level, nonduplicate genes on opposite strands (hence not in operons) show similar expression patterns. This suggests that such genes may share regulatory elements or be regulated at the level of chromatin structure. The central importance of tandem duplicate genes in these patterns renders the worm genome different from both yeast and human.
[Supplemental material is available online at http://www.genome.org.]
It is often presumed that, aside from clusters of tandem duplicates, gene order within the eukaryotic genome is random. However, there is increasing evidence that this is not always the case. In species as diverse as humans (Lercher et al. 2002) , flies (Spellman and Rubin 2002) , and yeast (Cohen et al. 2000) , neighboring genes show similar expression patterns, even when accounting for the coexpression of duplicated genes.
In the worm Caenorhabditis elegans, the tendency for similarly expressed genes to be linked is taken one step further, in that ∼ 15% of genes are incorporated into bacterial-like operons (Blumenthal 1998; Blumenthal et al. 2002) . Genes located within the same operon are transcribed together, and thus coregulated, that is, they share regulatory elements. Below, we examine coexpression, which is a statistical statement about observable expression patterns. Direct coregulation is only one possible cause of coexpression. Other possible causes are chromatin-level regulation of gene expression (Lercher et al. 2002; Roy et al. 2002) , or conserved expression patterns after the duplication of regulatory elements together with coding regions. Is coregulation of genes within operons the dominant cause of any regional coexpression in C. elegans? Does tandem gene duplication, which is especially common in the worm genome (Semple and Wolfe 1999) , contribute to the formation of clusters of coexpressed genes? Based on the observation that muscle-expressed genes are clustered in the C. elegans genome after accounting for operon and tandem duplication effects, Roy et al. (2002) suggested that chromatin-level regulation also plays an important role. What is the range of any such effect? Is it comparable to the range seen in human, where analogous effects (Bortoluzzi et al. 1998) have been attributed to the clustering of housekeeping genes (Lercher et al. 2002) ?
The worm genome is also potentially unusual in that it has been considered to be broken into genomic compartments (The C. elegans Sequencing Consortium 1998). The autosome arms of C. elegans differ from the central regions in several genomic properties, such as gene density, density of repetitive sequences, and number of EST matches (which may be a surrogate of expression rate). Do these compartments represent groupings of genes with comparable expression profiles, or is gene distribution between compartments random?
The availability of both sequence (The C. elegans Sequencing Consortium 1998) and expression data (Kim et al. 2001 ) allows us to address these issues to better understand the special genomic architecture of C. elegans. Below, we analyze the spatial patterns of coexpression, paying particular attention to operons and to the distribution of duplicate genes.
RESULTS

Compartmental Heterogeneity
When comparing microarray expression profiles for genes located in different autosomal genomic compartments (autosome arms or central regions), we find that genes are not randomly distributed relative to their expression patterns. We observe significant heterogeneity (P < 0.05) for 31 out of the 44 clusters ('mounts') of coexpressed genes defined by Kim et al. (2001) . This includes all 24 mounts with n > 50 (detailed results available as supplemental data). A similar result is obtained when we define expression by sorting genes into functional classes: We find significant compartmental heterogeneity for almost all such classes (Kim et al. 2001 ) with large enough sample sizes (31 out of 55, including 23 of 25 classes with n > 50; see supplemental data). In these analyses, we independently assess statistical significance for n = 44 mounts (or n = 55 classes) simultaneously. As this increases the probability of finding at least one 'significant' result even under the null hypothesis of an equal distribution, we repeated the tests with a more stringent significance level of P < 0.05 / n (Bonferroni correction). After this correction, the heterogeneity is still significant for 21 mounts and for 18 functional classes.
Level of Coexpression
We defined distance-dependent indices of coexpression, which measure the degree of similarity in expression of all autosomal genes that are a distance d ‫ע‬ 10 kb apart. Figure 1 shows the level of coexpression from microarray data (A) and from functional classes (B). For microarray data, the local similarity (r d ) is significant for all distances up to 4.20 Mb (P < 0.05 from randomization), and appears to extend over whole genomic compartments. For distances above ∼ 200 kb, the similarity measure r d decreases linearly (R 2 = 0.88 between 0.5 and 5 Mb). When accounting for the unequal distribution of expression classes to genomic compartments by randomizing genes only within compartments, local similarity is significant only up to 1.16 Mb. A similar signal is found for coexpression in terms of functional classification (ICF d ). Here the similarity is significant for all distances up to 3.4 Mb. Again, the similarity seems to extend over whole compartments. Accordingly, when accounting for the nonrandom distribution of functional classes to genomic compartments, the range of significant similarity is reduced to 160 kb. 
Coexpression of Genes in Operons
We measured the level of coexpression of neighboring genes in operons as Pearson's correlation coefficient r of the normalized microarray data (Kim et al. 2001) . In operons, the distance between the 3Ј end of one open reading frame (ORF) and the 5Ј end of the next ORF is on average 672 bp (median 446 bp). To test whether coexpression in operons is just a consequence of the proximity of genes, we also analyzed all neighboring gene pairs closer than 500 bp that were not identified as part of operons. As shown in Table 1 , the level of coexpression r for close neighbors either on the same or on opposing strands is significantly lower compared to gene pairs sharing the same operon. For all three classes of close neighbor pairs, we found strong coexpression compared to randomly paired genes. All classes in Table 1 are significantly different from each other (including Bonferroni correction for multiple tests; P < 10 ‫91מ‬ from one-sided t-tests), except when comparing close neighbors on the same and on opposing strands (P = 0.066 from two-sided t-test). The P values (for the difference between all gene pairs and gene pairs exc. duplicates) are from one-sided t-tests (significance at 0.05/4 = 0.013). If genes organized into the same operon are always 100% coexpressed (and the low r value in Table 1 is due to random error in the microarray experiments), then we would expect no distance dependence of r within operons. To test this, we calculated the level of coexpression for all possible gene pairs within operons (Fig. 2) . Contrary to the prediction, r decreases significantly with increasing physical gene distance (R 2 = 0.79 from linear regression for 0-13 kb, with P = 0.00003 from 10 6 random data pairings). This is qualitatively unchanged when measuring distance by counting (0-3) intervening genes, or when restricting the analysis to operons (Blumenthal et al. 2002) whose structure has been confirmed by microarray data or cDNA clones (data not shown).
Coexpression of Duplicated Gene Pairs
It is known that the genome of C. elegans contains many pairs of duplicated genes (Semple and Wolfe 1999) , with a strong bias towards intrachromosomal duplication, and with an excess of duplicates that are located close to the original gene (distance Յ 30 kb). It appears likely that in many gene duplication events, control regions are duplicated together with the coding sequence. Initially, many duplicated gene pairs will then show similar expression patterns, although mutations in the control regions will cause a divergence over time (C. Pal, pers. comm.) . Are then the patterns of local coexpression mainly a consequence of the nonrandom distribution of duplicated gene pairs? If this is the case, we expect two consequences: (1) when removing duplicate gene pairs, the level of coexpression (Table 1 ; Fig. 1 ) should be greatly reduced; and (2) the probability of finding duplicates and/or the degree of similarity of duplicated gene pairs should show a similar distance dependence as the level of coexpression (Fig. 1) .
We tested prediction (1) by removing one gene of each pair of duplicated genes. Table 1 shows the resulting level of coexpression for gene pairs in operons, close gene pairs not in operons, and for random gene pairs. While coexpression is reduced in each case compared to the inclusion of all genes, this reduction is nonsignificant (after Bonferroni correction for multiple tests) for genes in operons and for neighboring pairs on opposing strands (Table 1 ). The reduction is significant for nonoperon neighbors on the same strand and for random gene pairs. As before, all classes of pairs are significantly different from each other (P < 10 ‫12מ‬ from one-sided t-tests) except for the comparison of close neighbors on the same to those on opposing strands (P = 0.059 from two-sided t-test). After the exclusion of duplicates, random gene pairs show no correlation of expression, as is expected.
The removal of duplicate gene pairs does not change the negative correlation of coexpression with distance when comparing genes within operons ( Fig. 2; R 2 = 0.67, P = 0.0005). This suggests that some local coregulation occurs even within operons.
The level of coexpression beyond operons after excluding duplicate gene pairs is shown in Figure 3 for microarray data (A) and for functional classes (B). For both measures, the level of local coexpression is greatly reduced compared to Figure 1 , and is significant only for the closest neighbors (distance < 20 kb) when taking the nonrandom distribution across compartments into account. This is not due to the reduced sample size: When calculating our similarity measures (r d and ICF d ) for random subsets of all genes of the same sample sizes, we find values similar to the full data sets (see Fig. 3 ).
Distribution of Duplicated Gene Pairs
The above results suggest that the local similarity in expression beyond operons is largely due to the nonrandom distribution of duplicated gene pairs. How then does the distribu- Figure 4A shows the probability of finding duplicate gene pairs at distance d ‫ע‬ 10 kb on the same chromosome (corrected for the total number of gene pairs in this distance bracket; this analysis is for 19,325 genes in Wormbase WS78). In Figure 4B , we plot a measure of the degree of sequence similarity (BLAST expect value) of duplicate gene pairs for different distance brackets. Both the fraction of duplicate genes and the degree of sequence similarity decrease exponentially for distances up to ∼ 20 kb, and decrease linearly above ∼ 200 kb (duplicate fraction: R 2 = 0.70, log(expect): R 2 = 0.60, between 0.5 and 5 Mb). Thus, there are not only a higher number of similar genes at close distances, but they are also much more similar than duplicates further apart. In summary, all features of the local similarity in expression (Fig. 1) are compatible with the distribution of duplicate genes beyond operons: the extreme degree of similarity at very small distances (d < 20 kb), the steep decrease for small distances (d < 200 kb), and the linear decrease for larger distances.
DISCUSSION
The worm genome, like other closely analyzed eukaryotic genomes, is not the random array of genes that is often supposed. It is remarkable, for example, that although genes in operons show the strongest coexpression, neighboring genes on the same strand, as well as on opposing strands, show much stronger coexpression compared to genes that are paired at random. This feature remains after the exclusion of duplicate gene pairs. Although we may not have identified some operons with genes expressed at very low levels, this cannot explain the coexpression of neighbors located on opposing strands. This would be consistent either with a chromatin-based level of gene expression, with certain chromosomal regions being accessible to transcription factors in any given tissue, or with gene pairs sharing regulatory elements (Fig. 5) . Chromatin-level regulation has also been proposed as an explanation for the clustering of C. elegans muscleexpressed genes (Roy et al. 2002) . The latter analysis included at most one gene from each operon and each family of duplicates. Consistent with what we found here, significant clustering of such coexpressed genes was restricted to distances <25 kb.
The putative existence of shared regulatory elements could explain the variation of coexpression level within operons shown in Figure 2 . Alternatively, this variation could be caused by common errors in operon transcription. Ideally, all genes within an operon are transcribed together, and the individual transcripts are then separated by trans-splicing. Coregulation affecting only part of an operon must then happen after transcription, but before the trans-splicing which separates the individual genes. In the absence of such coregulation, all genes in the same operon should be perfectly coexpressed. Sometimes however, transcription may terminate prematurely, or trans-splicing may not be achieved successfully. In this situation, the probability of two genes to be coexpressed will decrease with increasing distance between them. Furthermore, genes in operons sometimes may appear not to be coregulated because their mRNAs may be subject to differential mRNA destabilization.
Longer-range patterns of similarity of expression are also found. At the grossest level, genomic compartments themselves differ in their expression patterns. Most strikingly however, we have shown a general correlation between pair distance and coexpression level, with the similarity in expression decreasing linearly over the range of whole genomic compartments. This pattern can be explained by a simple model of tandem duplication of both coding and regulatory regions (Fig. 5) , followed by divergence in sequence and expression over time. We may suppose that at the point of tandem duplication the sequences (both coding and regulatory), and consequently their expression, are near identical. Over time, the sequences diverge, the expression pattern diverges andowing to random rearrangements-the physical distance between the duplicates tends to increase. As support for this model, we find that local coexpression beyond ∼ 20 kb seems indeed to stem from the nonrandom distribution of duplicate genes (Fig. 3) .
A nonrandom distribution of duplicates was first demonstrated by Semple and Wolfe (1999) . We have extended their work by showing that the distribution of duplicate gene pairs shows striking behaviors over different length scales, and that this behavior is compatible with the distance dependence of the level of coexpression. As gene pairs from more recent duplications are expected to show stronger sequence 
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Genome Research 241 www.genome.org similarity, Figure 4B suggests that many duplicated genes begin their life at very close distances (<2 kb) to the original sequence, and then gradually move away. The three length scales over which different behaviors are apparent in Figure 4 , that is, 20 kb, 200 kb, and 5 Mb, may be characteristic for different mechanisms affecting the movement of genes along chromosomes. Inversions are most likely responsible for the shortest of these scales. Indeed, it has been estimated that two-thirds of all inversions in C. elegans are <25 kb (Coghlan and Wolfe 2002) . The larger-scale movement of duplicate genes is likely to be caused by the insertion of intervening DNA through transpositions. These are about twice as frequent in C. elegans as both inversions and translocations; most transposed DNA segments are <30 kb (Coghlan and Wolfe 2002) .
Although the above four reasons for local similaritytandem duplicates, operons, putative chromatin-level regulation, and shared regulatory elements-present a complex portrait of the nonrandom relationship between gene location and gene expression (Fig. 5) , it is perhaps surprising how weak some of the local similarity in expression appears to be. Most notably, for confirmed operons, it is striking that the correlation of expression is not higher, that is, why is r in Table 1 not close to 1? To some extent, this may represent noise in the data. Indeed, in comparable experiments in yeast, the correlation between the results of identical assays is often even lower than this figure. Thus, a correlation coefficient of r = 0.23 may in fact be relatively large. However, the demonstrated distance dependence of coexpression within operons indicates that coexpression in operons is not perfect, and is affected by additional, distance-dependent factors.
The results presented here contrast with those found in humans (Lercher et al. 2002) and flies (Spellman and Rubin 2002) in one important regard. In all three genomes, linked genes show similar expression profiles. For C. elegans, we found no significant coexpression beyond 20 kb after the exclusion of operon and duplication effects (see also Roy et al. 2002) . In contrast, significant coexpression of neighboring genes over substantial distances was found in humans (∼ 500 kb) and flies (∼ 200 kb), even when duplicate genes were excluded. These two genomes also lack any structures resembling operons. If we consider the action of a shared regulatory element on genes located several 100 kb apart to be unlikely, this leaves chromatin-level gene regulation as the most likely explanation for regional coexpression in these species. Consistent with this hypothesis, the local similarity in humans has been attributed to the clustering of housekeeping genes (Lercher et al. 2002) . Any selective force on chromatin-level regulation should only depend on where and when the genes contained in the region are expressed. Thus, it is not required that the gene products interact directly or perform related functions, consistent with reports that clustered coexpressed genes in Drosophila are not functionally related (Spellman and Rubin 2002) . Why does the worm not show such signs of chromatin-based expression regulation beyond regions of ∼ 20 kb size? It seems likely that operons in C. elegans, like bacterial operons, function to ensure the concerted expression of genes that are needed at the same time in the same cell. In some sense, operons may thereby perform the same function as chromatin-level regulation in other studied eukaryotes. In addition, genes in the worm genome are much more tightly packed compared to, for example, humans (median gene distance ∼ 2.8 kb in C. elegans, compared to ∼ 28 kb in humans). Thus, C. elegans chromatin regions of one-tenth the size of analogous human regions contain approximately the same amount of genes, and may thereby represent comparable targets for selection.
Taken together, our findings suggest that the genome organization of C. elegans differs from the genomes of other eukaryotes not only by the existence of operons, but also by the relative role played by recent gene duplications. Could there be a link between these two genomic characteristics? Interestingly, we found that duplicated genes are located outside of operons more often than expected if there was no correlation between the two features. Of all duplicate pairs, 29,089 had both genes outside of operons, whereas only 2101 pairs (6.7%) had one or both genes within an operon. Using the finding that 2208 of 19,325 genes in our data set (=11.4%) are found in operons, we would have predicted this number to be 1 ‫מ‬ (1 ‫מ‬ 0.114) 2 = 21.5%. These figures are for a definition of "duplicates" as having pairwise BLAST expect value <10 ‫05מ‬ ; qualitatively similar results are obtained for other cutoff values (data not shown).
If the duplication of genes is selectively favorable by allowing the evolution of new functions, then the underrepresentation of operonic genes may not be unexpected. Such new functions may require a changed expression pattern of individual genes. However, genes organized in operons are effectively "frozen" in the expression pattern of their operon; to be expressed, such genes need to be duplicated together with the operon's 5Ј regulatory elements, and thus with all intervening genes. Conversely, genes outside of operons can easily be duplicated individually together with their control regions.
This places a constraint on the evolution of new functions in C. elegans. Due to the "frozen operons," only a subset of all genes are available both for individual changes in expression pattern, and for individual duplication together with their control elements. The worm may thus be forced to choose new metabolic pathways that are more complex than they would be if it could recruit all genes equally. It is noteworthy that this speculative argument not only suggests an explanation for the many recent gene duplications found in C. elegans (Semple and Wolfe 1999) compared to the human, fly, or yeast genome. It also suggests an explanation for the high total gene number (∼ 19,000) compared to more complex animals, for example, Drosophila melanogaster (∼ 14,000). In principle, this idea could be tested by comparing metabolic pathways that evolved in the ancestors of C. elegans after the widespread use of operons, to corresponding pathways in other species. 
